Aims/hypothesis Although protective relationships between coffee consumption and type 2 diabetes mellitus have consistently been observed, few studies have examined the relationships between coffee consumption and underlying pathophysiological defects that characterise diabetes aetiology. The aim of this study was to explore the associations between caffeinated and decaffeinated coffee consumption and measures of insulin sensitivity and secretion. Methods The study population included 954 multi-ethnic non-diabetic adults from the Insulin Resistance Atherosclerosis Study (IRAS). Multiple regression analyses were performed to examine the cross-sectional relationships between caffeinated and decaffeinated coffee intake and insulin sensitivity and acute insulin response, measured by a frequently sampled intravenous glucose tolerance test, 2 h postload glucose measured by OGTT, fasting insulin, and proinsulin to C-peptide ratios. Results Caffeinated coffee intake was positively associated with insulin sensitivity (β=0.054; SE=0.026; p=0.04) and inversely related to 2 h postload glucose (β=−0.37; SE= 0.10; p=0.0003) in fully adjusted models. Caffeinated coffee intake was not associated with acute insulin response or proinsulin ratios. Decaffeinated coffee intake was inversely related to 2 h postload glucose (β=−0.47; SE=0.18; p= 0.0096) and positively related to acute insulin response (β= 0.191; SE=0.077; p=0.0132). Decaffeinated coffee intake was inversely related to the ratios of both intact and split proinsulin to C-peptide (β=−0.150; SE=0.061; p=0.0148; β=−0.254; SE=0.068; p=0.0002, respectively). Conclusions/interpretation In this cross-sectional study, caffeinated coffee was positively related to insulin sensitivity and decaffeinated coffee was favourably related to measures of beta cell function. These results provide pathophysiological insight as to how coffee could impact the risk of type 2 diabetes mellitus.
Introduction
In the past decade, there has been accumulating evidence that both caffeinated and decaffeinated coffee consumption are associated with a lower risk of type 2 diabetes mellitus, as affirmed recently in a meta-analysis [1] . Although the data suggest a protective effect of coffee consumption on type 2 diabetes mellitus risk, there remain some questions regarding underlying mechanisms. Specifically, there have been very few studies that have examined the relationship between coffee intake and insulin resistance and beta cell function [2] [3] [4] , the two critical underlying traits of diabetes pathogenesis. Exploring these relationships is essential to gaining a pathophysiological understanding of the protective relationship that has been observed between coffee consumption and diabetes.
Therefore, the objective of this study was to examine the cross-sectional relationships between caffeinated and decaffeinated coffee consumption and fasting insulin, insulin sensitivity (S I ) and acute insulin response (AIR) measured by a frequently sampled intravenous glucose tolerance test (FSIGT), 2 h postload glucose, and proinsulin to C-peptide ratios, in a multi-ethnic study population from the USA.
Methods
Study population and design The Insulin Resistance Atherosclerosis Study (IRAS) is a multi-centre prospective cohort study that was initiated in 1992 to study the relationships among insulin resistance, cardiovascular disease and related risk factors. A detailed description of the recruitment methods and study design has been published previously [5] . Briefly, the study was based at four study centres located in San Antonio (TX, USA), San Luis Valley (CO, USA), Oakland (CA, USA) and Los Angeles (CA, USA). The recruitment strategy aimed to include equal numbers of adults in the age ranges of 40-49, 50-59, and 60-69 years, who were non-Hispanic white, Hispanic and African-American, with normal glucose tolerance (NGT), impaired glucose tolerance (IGT), and non-insulin treated type 2 diabetes mellitus. A total of 1,625 participants was included in the baseline IRAS population. All study participants gave written informed consent and research ethics approval was obtained from the institutional review boards at each study centre [5] .
For the current study, the population was restricted to individuals without type 2 diabetes mellitus at baseline, classified by the 1999 WHO guidelines or by documented use of oral hypoglycaemic medication (n=1,066). Participants were also excluded if their energy intake was beyond the sex-specific 1st and 99th percentiles of 2,722 and 20,932 kJ/day for men, and 2,222 and 15,468 kJ/day for women, resulting in a study population of 1,030. As a result of missing S I and AIR data, the population was further reduced from 1,030 to 954.
Data collection
The IRAS study protocol included two study visits approximately 1 week apart to allow for both an OGTT and FSIGT to be conducted. Participants were instructed to come fasted for 12 h prior to each study visit, to abstain from alcohol and exercise in the 24 h before each study visit, and to abstain from smoking the morning of the study visit [5] .
Anthropometric measures included height and weight measured to the nearest 0.5 cm and 0.1 kg, respectively [5] . Information on ethnicity, age and highest level of education attained were obtained by self-report. A family history of diabetes was considered to be the presence of diabetes in a parent or sibling. A validated physical activity questionnaire that requested information on physical activity in home, workplace and leisure environments was used to estimate energy expenditure over the past year [6] . Information on alcohol consumption and smoking habits was collected by questionnaire to assess present and past habits.
Data on food and beverage consumption, including coffee consumption, were collected through the use of a 114-item food frequency questionnaire (FFQ) that was a modified version of the National Cancer Institute Health Habits and History Questionnaire. It was expanded to include food items appropriate for the diverse IRAS study population and was validated in a sub-sample [7] . The FFQ included nine frequency options for each food item or group of related items, ranging from 'never or less than once a month' to 'six or more times per day'. Participants provided information on their regular portion size for each item by indicating whether their portions were 'small, medium or large compared with other men or women about your age'. To calculate intakes of items, the intake frequency was weighted by the portion size response, specifically a factor of 0.5, 1 and 1.5, for small, medium and large, respectively. Therefore, one serving of any item in the beverage or food groupings corresponds to a participant-identified medium sized serving. Data on coffee intake came from two questions of the FFQ which specifically addressed intake of caffeinated coffee and decaffeinated coffee. Intakes of these two items were added together to give a measure of total coffee intake. In addition, the FFQ included three questions that addressed intake of additives to hot beverages, specifically, 'milk added to coffee or tea', 'cream added to coffee or tea', and 'sugar or honey added to coffee or tea'.
Wholegrain intake, vegetable intake and fruit intake were calculated to be consistent with previous food grouping work in the IRAS population [8] . Energy intake and per cent energy intake from saturated fat came from the nutrient analysis of the FFQ data through the use of the HHHQ-DIETSYS analysis software (version 3.0, 1993; National Cancer Institute, Bethesda, MD, USA).
Glucose tolerance and 2-h postload glucose An OGTT was performed on the first of the 2 days of study visits. A fasting blood sample was taken and followed by the administration of a 75 g glucose load (Orange-dex; Custom Laboratories, Baltimore, MD, USA), which was consumed by study participants within 10 min. A second blood sample was taken after 2 h. Participants were classified as diabetic if their fasting plasma glucose was ≥7.0 mmol/l or their 2 h plasma glucose was ≥11.1 mmol/l (these individuals were excluded from the present analysis). Participants were classified as having IGT if their fasting plasma glucose was <7.0 mmol/l and their 2 h plasma glucose sample was ≥7.8 and <11.1 mmol/l. Plasma glucose measurements were obtained by glucose oxidase technique on an automated autoanalyser (Yellow Springs Equipment, Yellow Springs, Ohio, USA).
Insulin sensitivity and secretion measures An FSIGT was used to obtain measures of insulin resistance and insulin secretion. A modified protocol was adopted so that the FSIGT was appropriate for use in those with diabetes and to accommodate the large number of study participants. These modifications included the use of an injection of insulin rather than tolbutamide, and the use of a reduced-sampling protocol that utilised 12 plasma samples rather than 30 [5] .
S I was calculated by the use of mathematical modelling methods (MINMOD version 3.0, 1994, Los Angeles, CA). The mean insulin concentration at time-points 2 and 4 min following the initial injection of glucose was used as the AIR value.
Serum insulin was measured by the dextran-charcoal RIA, which displays a high-degree of cross-reactivity with proinsulin. The CV was 19% (n=163 split-pairs). Highlyspecific two-site monoclonal antibody-based immunoradiometric assays were used to separately measure serum intact proinsulin and split proinsulin, with split pair CVs of 14% (n=98) and 18% (n=98), respectively. Insulin did not significantly cross-react in either assay. The intact proinsulin assay did not significantly cross-react with split proinsulin. The split proinsulin assay was equally crossreactive with 32-33, des-32, and des-31-32 split proinsulins, so the term 'split proinsulin' is used in the present paper to refer to the grouping of all three molecules. In addition, the split proinsulin assay had 84% cross-reactivity with intact proinsulin [9] . To correct for this cross-reactivity, the corresponding intact proinsulin cross-reactivity was subtracted from the assay values of split proinsulin. For all analyses, proinsulin values were divided by fasting Cpeptide concentration, designated 'proinsulin to C-peptide ratio', to assess disproportionate hyperproinsulinaemia.
Statistical analysis All statistical analyses were conducted with SAS version 9.1 (SAS Institute, Cary, NC). Participant characteristics were tested for differences across coffee intake categories. Differences in frequencies were tested by χ 2 tests for categorical variables. Differences in means were tested by ANOVA for continuous variables, except in the case of dietary variables which were tested by ANCOVA (analysis of covariance), adjusted for energy intake, and for continuous variables that were highly skewed. The latter included all S I and beta cell function measures and estimated energy expenditure. These variables were tested for differences across coffee intake categories by the nonparametric Kruskal-Wallis test.
Linear regression analyses were used to examine the relationships between coffee intakes modelled as continuous variables and 2 h postload glucose, fasting insulin, S I , AIR (adjusted for S I ), and intact and split proinsulin to Cpeptide ratios. For these analyses, log e transformations of all insulin and beta cell measures were made as transformation resulted in more normal distributions. The log transformation of S I was made after a constant of 1 was added to all S I values; this was necessary because of the presence of S I values of 0 in the dataset. Relationships between caffeinated and decaffeinated coffee intakes with the outcome variables of interest were examined in three models: a base model adjusted for age, ethnicity and sex; a second model that additionally adjusted for lifestyle factors and health indicators including smoking status, alcohol intake, energy intake, energy expenditure, waist circumference, history of CVD, presence of hypertension, and family history of diabetes; and a fully adjusted model that additionally included adjustment for intake of the alternate coffee type (decaffeinated or caffeinated) and intakes of fruit and vegetables, wholegrain products, tea, soda, diet soda, and per cent energy intake from saturated fat. Additionally, logistic regression was used to explore the odds of IGT in the population with caffeinated and decaffeinated coffee consumption. The models were the same as those used for the linear regression analysis.
To test the potential for ethnicity, sex, smoking or obesity to modify the relationships between coffee intakes and the measures of insulin sensitivity and secretion, interaction terms of categorical coffee intakes and ethnicity, sex, smoking or obesity were included in the second model for each combination of predictor and outcome variables. Interaction terms were considered significant if p values were ≤0.05. In addition, we tested for non-linearity in the associations of coffee intake with outcome variables using quadratic terms in the models.
Sensitivity analyses were performed for regression analyses to observe if including alternate covariates or additional covariates changed the findings. These included adjusting for BMI rather than waist circumference and adding intake of coffee additives to models (honey/sugar, cream, and/or milk).
Results

Participant characteristics
The baseline characteristics of the study population are presented in Table 1 according to total coffee intake per day. Approximately 78% of the study population consumed less than one serving of coffee a day or did not consume coffee and the median coffee intake for the whole study population was 0.50 servings per day (interquartile range [IQR], 0.07-0.79 servings per day). Only 22% of the study population consumed one or more servings of coffee per day. Caffeinated coffee intake roughly accounted for 81% of the total coffee consumed, whereas decaffeinated coffee intake accounted for 19% of total coffee intake. Sex and ethnicity differed across coffee consumption categories with the highest proportion of women and lowest proportion of Hispanic participants in the group that consumed no coffee and the lowest proportion of African-American participants in the group with the highest coffee consumption. Smoking and alcohol consumption habits also differed across coffee categories, with the highest proportion of current smokers in the highest coffee consumption group and highest proportions of participants that consumed one or more drinks per day found in the two upper levels of coffee consumption. BMI, waist circumference and total energy expenditure did not differ across coffee consumption categories; however, the highest mean energy intake was also observed in the highest coffee intake category. There were no clear differences in intakes of dietary variables across coffee intake categories, though per cent energy from saturated fat intake and vegetable intake differed significantly across groups.
The lowest proportion of participants with IGT was observed in the highest intake category of coffee; 2 h postload glucose differed significantly across coffee consumption categories with the lowest mean observed in the highest coffee intake group. Proinsulin to C-peptide ratios also differed across coffee intake categories with the lowest intact and split proinsulin to C-peptide ratios observed in the highest intake category.
Caffeinated and decaffeinated coffee intakes were inversely correlated (Spearman correlation coefficient r=−0.20; p< 0.0001). When participant characteristics were examined across intakes of caffeinated and decaffeinated coffee intakes separately (data not shown), the highest proportion of current smokers was found in the group that consumed no decaffeinated coffee. This group also had the highest proportion of males. Otherwise, participant characteristics were similar across the two types of coffee consumption.
Regression analyses Caffeinated coffee intake was significantly positively associated with S I in all three regression models (Table 2, model 3: β=0.054; SE=0.026; p=0.04), where β is the regression coefficient, as well as significantly inversely related to 2 h postload glucose in all models (model 3: β=−0.37; SE=0.10; p=0.0003). Initially, caffeinated coffee consumption was also significantly inversely related to fasting insulin (model 1: β=−0.079; SE= 0.036; p=0.03) but this relationship was attenuated to nonsignificance in model 2.
In general, caffeinated coffee intake was not related to measures of beta cell function. Initially significant inverse relationships were observed between caffeinated coffee intake and the intact and split proinsulin to C-peptide ratios but these relationships were attenuated to non-significance in model 2.
Decaffeinated coffee intake was not found to be related to S I or fasting insulin, but was inversely related to 2 h postload glucose (Table 3 , model 3: β=−0.47; SE=0.18; p=0.0096). Significant favourable relationships were also observed between decaffeinated coffee consumption and all beta cell function measures. Decaffeinated coffee intake was positively related to AIR (model 3: β=0.19; SE=0.077; p=0.0132). Additionally, decaffeinated coffee intake was inversely related to both intact and split proinsulin to C-peptide ratios (intact proinsulin to C-peptide ratio, model 3: β=−0.15; SE= 0.061; p=0.0148; split proinsulin to C-peptide ratio, model 3: β=−0.25; SE=0.068; p=0.0002).
Caffeinated coffee was associated with a statistically significant 13% decreased odds of having IGT in the minimally adjusted model and a significant 16% decreased odds in the fully adjusted model (Table 4) . Decaffeinated coffee intake was borderline significantly associated with a decreased odds of IGT in the fully adjusted model (model 3: OR 0.76 [95% CI 0.57-1.0], p=0.055).
Interaction and sensitivity analyses There were no significant interactions between sex, ethnicity, smoking, or obesity with caffeinated or decaffeinated coffee intake for any of the outcome variables. Analyses using quadratic terms revealed no evidence of non-linearity in any of the models except for those which assessed the association of: (1) decaffeinated coffee with S I ; and (2) caffeinated coffee with AIR. Additional analyses using categories of coffee consumption in these models did not reveal consistent patterns of association, and there were no significant pairwise differences between coffee consumption categories, adjusting for multiple comparisons (Tukey method; data not shown). Sensitivity analyses included examining the effect of replacing waist circumference with BMI for all regression analyses and additionally adjusting for use of sweeteners, milk and cream in coffee. It was found that these changes to the models did not change the magnitude or significance of the regression coefficients (data not shown). 
Discussion
In this non-diabetic, multi-ethnic population, we found that caffeinated coffee intake was significantly positively related to S I and strongly inversely related to 2 h postload glucose. Interestingly, decaffeinated coffee intake was favourably related to measures of beta cell function, which included a significant positive relationship with AIR and significant inverse relationships with intact and split proinsulin to Cpeptide ratios. Our study supports current data that indicate that there may be a protective effect of coffee consumption on the risk of diabetes. Development of insulin resistance and impaired beta cell function are the two key defects in physiological Interpretation of statistically significant β regression coefficients in model 3: when decaffeinated coffee intake changes from 0 to 2 servings per day, the fully adjusted model predicted an increase in AIR of 17.52 μU/ml (to convert value to SI units [pmol/ml] multiply by 6.945), a decrease in 2 h postload glucose of 0.93 mmol/l, and a decrease in intact and split proinsulin to C-peptide ratios of 3.04 and 4.27, respectively, while holding all other variables in the model constant a Adjusted for age, sex and ethnicity b Adjusted for variables in the previous model as well as waist circumference, education level, total energy intake, smoking status, total estimated energy expenditure, alcohol consumption category, history of CVD, family history of diabetes, and baseline hypertension c Adjusted for variables in the previous model as well as caffeinated coffee consumption, vegetable intake, fruit intake,% energy from saturated fat, and intakes of wholegrain, tea, soda and diet soda d Additionally adjusted for insulin sensitivity in all models function that lead to type 2 diabetes mellitus. Our crosssectional analysis showed that caffeinated coffee intake was positively related to S I , a finding that is consistent with the inverse relationship observed between HOMA-IR (a measure of insulin resistance) in women with NGT and IGT in a Swedish study population [2] and in men and women in a Dutch study population [4] . The result is also consistent with a positive relationship observed between caffeinated coffee and S I , measured by a hyperinsulinaemic-euglycaemic clamp, amongst elderly Swedish men [3] . Although acute and short-term intervention studies [10] [11] [12] have shown caffeine and caffeinated coffee intake to reduce S I , our data support the initial findings from the aforementioned observational studies that habitual caffeinated coffee consumption may be related to higher S I , though the causal association between these variables cannot be assumed from this cross-sectional observational analysis. A longterm randomised controlled trial that examines the effect of regular caffeinated coffee consumption on S I is warranted. Interestingly, our study showed that decaffeinated coffee intake was favourably related to beta cell function measured by AIR and proinsulin to C-peptide ratios. Data on the relationships between coffee consumption and measures of beta cell function are scarce, although Agardh et al. [2] reported an inverse relationship between coffee consumption and HOMA-beta cell in women, but not men, with NGT and IGT. Arnlov et al. [3] reported no association between coffee intake and early insulin response measured from an OGTT in an elderly population of men from Sweden. Of note is that both studies did not distinguish between caffeinated and decaffeinated coffee. The measures of beta cell function used in our study were also more detailed assessments of beta cell function. As a sensitivity analysis, we examined the interaction of caffeinated and decaffeinated coffee intakes with sex when AIR was an outcome measure; the interaction terms were not significant (p>0.65), so we did not stratify our analyses by sex.
We found that both caffeinated coffee and decaffeinated coffee consumption were inversely associated with 2 h postload glucose. These results support the other findings in our study of a relationship between caffeinated coffee consumption and S I , and decaffeinated coffee and AIR, as both insulin resistance and impaired beta cell function are known to contribute to an impaired response to a glucose load. These findings are consistent with those of van Dam et al. [4] , who also found an inverse relationship between coffee consumption and 2 h postload glucose.
These findings provide insight into a potential mechanism by which coffee may be protective against type 2 diabetes mellitus, and support previous findings that decaffeinated coffee intake may have a stronger protective effect than caffeinated coffee intake [1] . Impairment in beta cell function has been identified as a crucial physiological change responsible for the conversion to type 2 diabetes mellitus. It has been suggested that the polyphenol content in coffee, mainly in the form of chlorogenic acid, may protect beta cells from oxidative stress [13] . We saw stronger relationships between decaffeinated coffee intake and beta cell function measures than between caffeinated coffee intake and beta cell function measures, which may indicate that the caffeine content, the most obvious difference between these beverages, may counteract the protective effect of the other protective substances in coffee. In addition, our study indicates that, mechanistically, caffeinated coffee intake may affect a different physiological pathway, specifically, via S I rather than beta cell function. However, this explanation for the different relationships we observed between coffee types and insulin measures is merely speculative and further explorations of these relationships are necessary. Regarding the consistent protective effect of caffeinated coffee intake on the incidence of type 2 diabetes mellitus that has been reported [1] , it is conceivable that the antioxidants in caffeinated coffee could have an overall positive effect on diabetes risk and that caffeine could have a smaller negative effect.
The strengths of this study include the use of precise measures of S I and beta cell function and extensive data on potential confounding variables. Additionally, the study population included three ethnic groups, allowing for greater generalisability of the results. The ability to separate caffeinated coffee intake from decaffeinated coffee intake represents an additional strength of this study, as studies that have looked at the association between coffee intake and S I and beta cell function measures have not distinguished between coffee types [2] [3] [4] . Our results indicated that caffeinated and decaffeinated coffee intake relate differently to S I and beta cell function, suggesting that it may be important to differentiate between these coffee types. Importantly, the measures of S I and AIR obtained from the FSIGT are highly precise measures which closely correlate with measures of these variables from the hyperinsulinaemic-euglycaemic and hyperglycaemic clamp techniques. Other studies which have examined coffee intake in relation to measures of insulin resistance and beta cell function relied on less optimal measures of these variables, which included HOMA-IR [2, 4] , HOMA-beta cell [2] , and C-peptide [2, 4, 14] . One exception was the study by Arnlov et al. [3] , which looked at coffee consumption in relation to S I measured by hyperinsulinaemic-euglycaemic clamp.
A number of potential limitations should be considered when interpreting the results of this study. Notably, the analysis was cross-sectional, which does not allow for conclusions on the causality or temporality of the relationships between caffeinated and decaffeinated coffee with measures of S I and insulin secretion to be made. As this was an observational study, it is also possible that residual confounding could have occurred, although the covariates included in the regression models were carefully considered and covered a large breadth of potential confounding variables. It has been observed that coffee consumption is associated with non-optimal health behaviours [15] which may not have been fully captured by the covariates in our regression models. Our measure of coffee intake relied on data from a semi-quantitative FFQ and participantidentified ranking of serving size, which resulted in a non-quantified measure of coffee intake. This could have resulted in misclassification of coffee intakes. Other studies have specified a volume of serving size in their dietary questionnaires [4, [16] [17] [18] , which may result in greater accuracy of estimated coffee intake. However, as discussed by van Dam [15] , it is difficult to draw conclusions about the protective effect of coffee at a particular level of consumption from the majority of studies due to their use of non-quantified measure of coffee intake and differing definitions of 'cup size' [15] . Similarly, one potential limitation of our study is the narrow range of coffee consumption observed in the study population, which may have limited the ability to fully capture the scope of the relationships between coffee and insulin measures. In many of the prospective analyses conducted, the protective effects of coffee intake have been observed at high levels of consumption (i.e. ≥4 cups/day) [16, [19] [20] [21] [22] [23] [24] . However, because serving size was a ranked measure in our study, it is difficult to draw conclusions about the level of coffee actually consumed in comparison to other studies. Further, the FFQ used in this study did not allow us to capture the full spectrum of caffeine containing foods and beverages.
Our study is also limited in that it did not collect information on the time of day that coffee was consumed. As was recently explored in an analysis by Sartorelli et al. [18] , the time of day may impact the protective effect of coffee on diabetes risk. Intervention studies have also shown coffee to have acute postprandial effects on glucose absorption when consumed with a meal as well as to have second meal effects [13] . In addition, as identified by van Dam [15] , numerous factors affect the dose of coffee consumed, which in turn could affect the biological activity of coffee on physiological actions related to diabetes. These include the strength of the brew, the type of coffee beans used, and the amount of coffee consumed [15] . Studies that include more specific details about these factors would allow for greater elucidation of the relationship between coffee consumption and measures of S I and insulin secretion.
In conclusion, we found in this cross-sectional study that caffeinated coffee intake was positively related to S I and that decaffeinated coffee intake was favourably related to measures of beta cell function. This study provides insight into the potential pathophysiological pathways through which coffee consumption could affect the risk of type 2 diabetes mellitus and provides a foundation for further exploration of these relationships.
